Prehension movements typically include a reaching phase, guiding the hand toward the object, and a grip phase, shaping the hand around it. The dominant view posits that these components rely upon largely independent parieto-frontal circuits: a dorsomedial circuit involved in reaching and a dorso-lateral circuit involved in grasping. However, mounting evidence suggests a more complex arrangement, with dorso-medial areas contributing to both reaching and grasping. To investigate the role of the dorsomedial reaching circuit in grasping, we trained monkeys to reach-and-grasp different objects in the dark and determined if hand configurations could be decoded from functional magnetic resonance imaging (MRI) responses obtained from the reaching and grasping circuits. Indicative of their established role in grasping, object-specific grasp decoding was found in anterior intraparietal (AIP) area, inferior parietal lobule area PFG and ventral premotor region F5 of the lateral grasping circuit, and primary motor cortex. Importantly, the medial reaching circuit also conveyed robust grasp-specific information, as evidenced by significant decoding in parietal reach regions (particular V6A) and dorsal premotor region F2. These data support the proposed role of dorso-medial "reach" regions in controlling aspects of grasping and demonstrate the value of complementing univariate with more sensitive multivariate analyses of functional MRI (fMRI) data in uncovering information coding in the brain.
Introduction
The currently dominant model for the organization of prehension movement control suggests that the 2 components, the initial reach and final grip components (Arbib 1981; Jeannerod 1981) , are primarily coded in 2 parallel parieto-frontal circuits (Jeannerod et al. 1995; Caminiti et al. 1996; Luppino et al. 1999; Tanné-Gariépy et al. 2002) . According to this view, reaching movements in primates are coded in a dorso-medial circuit ( Fig. 1, blue) consisting of posterior parietal area V6A and medial intraparietal (MIP) area (Colby et al. 1988; Caminiti et al. 1999; Fattori et al. 2001; Buneo et al. 2002) , and in the dorsal premotor region F2. Grasping movements, on the other hand, rely upon a more lateral parieto-premotor circuit (Fig. 1, red) , involving anterior parietal areas AIP and PFG (Fogassi et al. 2005) , as well as ventral premotor region F5 (Rizzolatti et al. 1988;  for review see Castiello and Begliomini 2008; Filimon 2010; Grafton 2010; Vingerhoets 2014; Turella and Lingnau 2014) .
Support for this classical model of anatomically distinct reach and grasp representations comes from numerous electrophysiological, imaging and lesion studies in both human and nonhuman primates. Electrophysiological studies in monkeys have shown clear involvement of anterior intraparietal areas AIP Murata et al. 2000) and PFG (Fogassi et al. 2005; Rozzi et al. 2008) , as well as ventral premotor area F5 (Rizzolatti et al. 1988; Raos et al. 2006; Spinks et al. 2008) in coding grasping movements, while reaching movement-related responses were predominently found in posterior parietal regions MIP and V6A, in addition to dorsal premotor region F2 (Kalaska et al. 1997; Batista et al. 1999; Fattori et al. 2001; Buneo et al. 2002; Cui and Andersen 2007; Bosco et al. 2010) . Neuroimaging data in humans (Grafton et al. 1996; Binkofski et al. 1998; Ehrsson et al. 2000; Culham et al. 2003; Frey et al. 2005; Cavina-Pratesi et al. 2010; Konen et al. 2013 ) confirmed a similar specialization for grasping in the anterior portion of the intraparietal sulcus (aIPS), with reaching movements yielding significant responses in medial intraparietal and superior parieto-occipital cortex (Connolly et al. 2003; Prado et al. 2005; Filimon et al. 2009; Cavina-Pratesi et al. 2010) . In addition, causal evidence for a grasp versus reach specialization came from reversible lesion studies using muscimol in monkeys or transcranial magnetic stimulation protocols in humans, demonstrating specific grasp or reach deficits after inactivating components of the lateral grasping (Gallese et al. 1994; Fogassi et al. 2001; Tunik et al. 2005; Davare et al. 2007) or the medial reaching circuits (Vesia et al. 2010; Hwang et al. 2012) . The proposed dichotomy has been largely confirmed by tract-tracing studies in monkeys showing strong connectivity between anterior parietal areas AIP/PFG with ventral premotor area F5 (Borra et al. 2008; Gerbella et al. 2011) , and posterior parietal regions (MIP/V6A) with dorsal premotor cortices (including F2) (Matelli et al. 1998; Tanné-Gariépy et al. 2002; Gamberini et al. 2009 ), although segregation between the 2 paths is not complete (Rozzi et al. 2006; Borra et al. 2008; Gamberini et al. 2009 ).
Several lines of evidence, however, are not entirely consistent with the notion of independent coding for grasp and reach information, particularly with respect to the dorso-medial circuit . For instance, grasping-related responses have also been recorded from neurons in macaque V6A Gamberini et al. 2011; Breveglieri et al. 2016) , as well as from dorsal premotor region F2 (Raos et al. 2004; Stark et al. 2007 ). In addition, work by Battaglini and co-authors (2002) showed that V6A lesions in monkeys disrupt not only reaching but also several aspects of grasping, as well as wrist orientation, in line with observations in optic ataxia patients with damage to the presumed homolog region of monkey V6A (Jeannerod 1986; Perenin and Vighetto 1988; . Finally, kinematic studies in both human and monkeys (Roy et al. 2002 ) also argue against a strict separation of reach and grasp components and suggest a varying degree of coordination between both components, depending on the specific task demands.
A previous monkey functional magnetic resonance imaging (fMRI) study has investigated brain-wide responses during reach-and-grasp execution without visual feedback in the MRI scanner. Using a subtraction logic, significant stronger responses were found for reach-and-grasp execution compared with reach-only, particularly in parietopremotor regions of the dorso-lateral grasping circuit (AIP, PFG, F5). Equally strong responses were observed for both reach-andgrasp and reach-only tasks in the dorso-medial reaching circuit (V6A, MIP, F2). This study only used univariate analysis techniques based upon a general linear model (GLM), which examines differences in MR signal amplitude between conditions (reachand-grasp vs. reach-only) at the single-voxel level, and might overlook a grasp-specific contribution of dorso-medial reaching regions during execution of reach-and-grasp movements. This is particularly true when parameters related to both the proximal and distal part of prehension movements are coded in these regions, as has been suggested (Fattori et al. 2004 Raos et al. 2004; Stark et al. 2007) .
Therefore, we wanted to determine whether grasping-related information might be contained in the fine-scaled spatial patterns of activations obtained in the classical parieto-frontal reach regions and if that information from these regions could then be decoded. To this end, monkeys were trained to reach-and-grasp differently sized objects in the dark in the MRI scanner. Using an MR-compatible rotating device , location of any given object could be kept constant so the reaching component of the different reach-and-grasp movements was nearly identical for all objects. While results from a univariate analysis, contrasting reach-and-grasping with reach-only execution, confirmed our previous monkey fMRI grasping study and suggest a specialization for grasp, particularly in the dorso-lateral parieto-frontal circuit (AIP, PFG, and F5), multivoxel pattern analyses (MVPA) also showed graspingrelated information in the parietal and premotor sectors of the dorso-medial reach circuit. These results are in agreement with recent single-cell data (Fattori et al. 2004 Raos et al. 2004; Breveglieri et al. 2016) and human MVPA decoding studies (Gallivan et al. 2011; Fabbri et al. 2014; Di Bono et al. 2015) suggesting less stringent separation between grip and reach codings in the primate brain and demonstrate the potential of multivoxel analysis techniques for revealing the coding of sensory-motor information throughout the brain (Gallivan et al. 2011; Barany et al. 2014; Gallivan and Culham 2015; Di Bono et al. 2015) .
Materials and Methods

Subjects
Two male (M1, M2) rhesus monkeys (Macaca mulatta, 4-6 kg, 3-5 years old) participated in the experiments. All animal care and experimental procedures met the national and European guidelines and were approved by the animal ethical committee of the KU Leuven. The details of the surgical procedures, Figure 1 . Dorso-lateral grasping and dorso-medial reaching circuits in the rhesus monkey. Lateral view of monkey brain depicting the classical parallel parieto-frontal grasping and reaching circuits. The grasp component of prehension movements is suggested to be mediated predominantly by a dorso-lateral circuit (red color) including anterior parietal regions AIP and PFG and ventral premotor region F5, while reaching is organized by a dorso-medial circuit including posterior parietal regions V6A and MIP and dorsal premotor region F2. ios = inferior occipital sulcus, ls = lunate sulcus, sts = superior temporal sulcus, lf = lateral fissure, ips = intraparietal sulcus, cs = central sulcus, as = arcuate sulcus, ps = principal sulcus; d = dorsal, v = ventral, a = anterior, p = posterior.
F1-F7 = different subdivisions of motor and premotor cortices (Rizzolatti and Luppino 2001). training of monkeys, image acquisition, eye monitoring and statistical analysis of monkeys scans have been described previously (Vanduffel et al. 2001; Nelissen et al. 2005 , and will be reviewed here only briefly.
Fixation Training
The monkey subjects sat in a sphinx position in a plastic monkey chair ( Fig. 2A, 1 ), placed in a mock scanner, directly facing a liquid crystal display (LCD) screen ( Fig.2A, 5) , which was positioned at 53 cm from the monkeys' eyes. During initial training, they were required to maintain fixation within a 2 × 2°window centered on a red dot (0.35 × 0.35°) in the middle of the screen. Eye position was monitored at 120 Hz ( Fig. 2A, 6 ) through pupil position and corneal reflection (Iscan). During this training phase, the monkeys were rewarded (fruit juice) for fixating the small red dot within the fixation window for long periods (up to several minutes).
Motor Tasks
For the motor tasks (reach-only or reach-and-grasp), we used the custom-built MR-compatible turntable of . The turntable ( Fig. 2A, 2 ) could be rotated through a gear and belt system, powered by an MR-compatible pneumatic stepper motor ( Fig. 2A, 3 ; Stoianovici et al. 2007 ). This system was computer controlled and could be triggered by the scanner. The disk could rotate with a speed of 15 degrees per second. The rotating disk could hold up to 5 different objects simultaneously, while 1 additional slot did not contain an object and was used for the motor control task (reach-only). Each of the objects was connected through a shaft to a small plastic weight below the disk ( Fig. 2A, 4) . This allowed the objects to fall back into place once the monkey released the object after completing the grasping movement.
The monkeys were trained to perform 2 different motor tasks in blocks of 40 s , a reach-andgrasp task (3 different objects, Fig. 2B ) or a reach-only task Figure 2 . Functional MRI motor setup and motor tasks. (A) During the fMRI motor experiments, monkeys were seated in an MR-compatible chair (1). A rotating carousel (2) was attached to the front of the chair and powered by an MR-compatible motor (3), allowing us to position different objects (4) in front of the monkey. Monkeys performed the motor tasks in the dark without visual feedback while being cued on a screen in front of them (5). Eye movements (6) and hand movements (7) were moni- During the specific motor blocks, monkeys performed around 8-10 reach-only (blue vertical lines) or reach-and-grasp (red vertical lines) motor trials. (Fig. 2B, lower right panel) . Both these motor tasks were performed in the dark, to avoid neural modulations due to visual feedback from the hand and arm or the objects, since most of the parieto-frontal grasping and reaching regions contain visual responsive neurons that might be driven by object presentation or observation of hand action (Murata et al. 2000; Rizzolatti and Luppino 2001; Raos et al. 2006; Fattori et al. 2009 ). After the monkeys felt the presence or absence of an object in front of them during the first trial in a motor block, they would either grasp the object or place their open hand on the empty space on the disk. For the remainder of the block, they would continue performing the same movement .
The objects were never illuminated and monkeys relied on haptic and memory feedback to perform the motor tasks . The reach-only task served as a motor control task, since it contained the same reaching phase present in the reach-and-grasp task, but without the handshaping phase required for grasping. Therefore, contrasting reach-and-grasp versus reach-only task would yield brain regions responding selectively to the grip component of prehension tasks (Culham et al. 2003; , while reaching areas would respond during both motor tasks . Video-monitoring ( Fig. 2A,  7 ) was used during the daily training sessions and during the scanning sessions (MRC Systems).
Reach-and-Grasp Task
In the main fMRI experiment, monkeys were trained to grasp 3 different objects: a small cube (sides 12 mm length) or 2 spheres of 23 or 30 mm radius. During fixation baseline condition, the monkey was rewarded for fixating a red fixation point (Fig. 2C ), while keeping its right hand in the start position ( Fig. 2A, 8) . Breaking fixation or removing the hand from the start position would abort the trial during which a yellow cross was presented on the screen. The grasping task consisted of the following sequence of events: a trial started when the monkey placed its hand in the start position and fixated on a green fixation point displayed centrally on the screen in front of him (Fig. 2C) . If the monkey removed its hand or stopped fixating before a certain random time (between 500 and 1500 ms), the trial was aborted and a yellow cross was displayed until the monkey again placed its hand at the starting position. After a random fixation time (500-1500 ms), the green fixation point changed to blue, indicating to the monkey that he could now reach and grasp the object with its right hand (Fig. 2C ). Failure to reach and grasp the object within 2000 ms would result in an aborted trial. After the monkey had grasped the object, he was required to lift it for 5 mm and hold it in that position for at least 530 ms (maximum holding time 2000 ms) to receive a juice reward (Fig. 2C ). After delivery of the reward, a new trial started (green fixation point) as soon as the monkey returned its hand to the initial starting position while keeping fixation. At the hand start and end positions of the reaching trajectory, as well as at 3 locations along this hand/arm trajectory, optic fiber cables were positioned, which allowed us to track the location of the monkeys' hand/arm and to record the timing of the execution of the motor tasks ).
Reach-Only Task
As a control task, the monkeys also performed a reach-only task without grasping any object. For this motor task, the disk was positioned so that the empty slot (not containing an object) was positioned in front of the monkey. The monkey was required to reach forward and place its hand onto this empty slot on the disk (Fig. 2B , lower right panel). The visual stimuli used to cue the monkey and the timing parameters were exactly the same as during the reach-and-grasp task. After reaching, the monkey was required to leave its open hand on the disk for at least 530 ms in order to receive the juice reward. As for the reachand-grasp task, optic fibers monitored the position of the hand. This task served as a motor control task to isolate the grasping (and lifting) phase from the reaching phase associated with a reach-and-grasp movement.
Scanning
Functional images were acquired with a 3.0 Tesla full-body scanner (Siemens, TIM Trio), using a gradient-echo T 2 *-weighted echoplanar imaging sequence (40 horizontal slices; time repetition [TR], 2 s; time echo [TE] , 17 ms; 1.25 × 1.25 × 1.25 mm 3 isotropic voxels) with a custom-built 8-channel phased-array receive coil, and a saddle-shaped, radial transmit-only surface coil (Kolster et al. 2009 ).
Before each monkey scanning session, a contrast agent, monocrystalline iron oxide nanoparticle (MION, Sinerem, Laboratoire Guerbet), was injected into the femoral/saphenous vein (6-11 mg/ kg). Use of the contrast agent improved the contrast-noise ratio approximately fivefold (Vanduffel et al. 2001; Leite et al. 2002) and enhanced spatial selectivity of the magnetic resonance (MR) signal changes (Zhao et al. 2006 ), compared with blood oxygenation level-dependent (BOLD) measurements. While BOLD measurements depend on cerebral blood volume (CBV), blood flow, and oxygen extraction, MION measurements depend only on blood volume (Mandeville and Marota 1999) . Accordingly, we have inverted the polarity of all signal-change values to account for the difference between MION CBV and BOLD activation maps (increased brain activation produces a decrease in MR signal in MION CBV maps).
Motor tasks were scanned using a block design, with alternating fixation only ("rest"), reach-only ("reach"), and reach-andgrasp ("grasp") blocks (epochs). A typical run consisted of rest (10 volumes . A complete run totaled 380 s, during which 190 whole-brain volumes were acquired. A total of 13 runs were acquired in each monkey during the same scan session. One run was discarded from each animal due to bad performance during the grasping tasks (failure to grasp one or more of the objects). For the remainder of the 12 runs that were used in the MVPA, there were no differences in the number of correct grasping trials for the 3 different objects (monkey M1: mean/standard deviation [SD] number of grasps per run for cube = 8.67 ± 0.99; sphere 23 mm = 8.59 ± 2.15; sphere 30 mm = 9.42 ± 1.68; ANOVA: F = 0.9, P = 0.42; monkey M2: mean/SD grasps/run cube = 8.92 ± 1.24; sphere 23 mm = 9.67 ± 1.50; sphere 30 mm = 9.50 ± 0.90; ANOVA: F = 1.21, P = 0.31).
During the same scan session, 2 additional motor runs, of similar length (190 volumes) and order as those used for the MVPA, were collected for each monkey and were used in the univariate localizer analysis. Objects grasped during these localizer runs were a small cube of 12 mm, a sphere of 23 mm, a sphere of 30 mm, or a cylinder of 12 mm in diameter and 18 mm in height. In addition, these localizer runs also contained reach-only and fixation only blocks, similar to the runs used in the MVPA.
To test the within-subject generalization of the decoding results to other objects, one monkey (M1) was also scanned 4 months later, while grasping 2 different objects, either a small (16 mm diameter) or a large (40 mm diameter) sphere. During this scan session, a similar block design with alternating fixation only (rest), reach-only (reach), and reach-and-grasp (grasp) blocks was used. A typical run consisted of 5 initial fixation volumes, followed blocks (15 volumes) of reach-fix-grasp (ball 40 mm)-fix-reach-fix-grasp (ball 16 mm)-fix-reach-fixgrasp (ball 40 mm)-fix-reach-fix-grasp (ball 16 mm)-fix. Fifteen runs were acquired during that session, which were all used in an MVPA. There was no difference in the number of correct grasping trials during grasping the small or big sphere (mean/SD grasps small sphere (16 mm): 14.60 ± 2.69; big sphere (40 mm): 13.67 ± 2.32; t-test: P = 0.29). Functional MRI data presented here are different from the data sets reported previously in .
Definition of Regions-of-Interest
In total, seven different regions-of-interest (ROIs) were defined and examined in this study. Because monkeys were trained to perform the motor tasks with their right hands, we focussed on ROIs in the contralateral (left) hemisphere, since task-related motor fMRI responses are observed mainly in the contralateral hemisphere . ROIs were delineated manually using FSL (v5.0), directly onto a template monkey anatomical MR image (M12 from Ekstrom et al. 2008) , guided by anatomical landmarks and based upon previous anatomical and functional studies, as described in detail for each individual ROI below. This procedure of manually selecting voxels directly on consecutive anatomical MR slices, allows selecting voxels mainly located in the gray matter and avoids inclusion of unwanted voxels (for instance from the opposite bank of a sulcus when building ROIs using a cube or sphere volume around a certain local maximum).
For the univariate ROI analyses, statistical significance was tested using MarsBaR (version 0.41.1). The significance threshold for the one-tailed t-tests was set at P < 0.05, Bonferroni corrected for the number of ROIs.
Parietal ROIs
In the parietal cortex, we defined areas AIP (136 voxels or 136 mm 3 total volume), PFG (60 voxels), V6A (105 voxels), and MIP (124 voxels). Delineation of area AIP in the anterior portion of the lateral bank of the IPS was based upon previous singlecell (Murata et al. 2000) and fMRI studies (Durand et al. 2007 ). The posterior border of AIP with the lateral intraparietal area (LIP) was derived in a previous fMRI study (Durand et al. 2007 ), using the same anatomical MR template as in our study and a saccadic activity task, which yielded saccadic eye-movement responses in LIP but not in AIP (Durand et al. 2007) . A ROI for area PFG on the inferior parietal lobule, corresponding to caudal part of area 7b, was delineated based upon anatomical landmarks onto the inferior parietal lobule, and guided by previous studies Rozzi et al. 2008; . Area MIP, in the medial bank of the IPS, was delineated based upon macaque maps from Lewis and Van Essen (2000) . Finally, area V6A was delineated guided by anatomical landmarks and on the basis of its anatomical location as proposed by Galletti et al. (1999a Galletti et al. ( , 1999b ).
Motor and Premotor ROIs
In ventral premotor cortex, guided by anatomical landmarks, we delineated an F5 ROI (209 voxels) containing the portion of F5 located in the posterior bank of the arcuate sulcus, corresponding to F5p and F5a (Nelissen et al. 2005; Belmalih et al. 2009; Gerbella et al. 2011 ). This part of F5 receives strong input from PFG and AIP Borra et al. 2008 ) and responds strongly during fMRI grasping tasks performed in the dark without visual feedback ). In addition, based upon anatomical landmarks, a ROI was also delineated, in the posterior portion of the dorsal premotor cortex corresponding to the proposed location for area F2 (403 voxels) and a final ROI corresponding to the primary motor cortex F1 (1113 voxels) (Matelli et al. 1985 (Matelli et al. , 1991 ).
Univariate Analysis
Data were analyzed using statistical parametric mapping (SPM5) and BrainMatch software (Chef d'Hotel et al. 2002) . Spatial preprocessing consisted of realignment and nonrigid co-registration with a template anatomy (M12, Ekstrom et al. 2008 ). To compensate for echo-planar distortions in the images as well as interindividual anatomical differences, the functional images were warped to the template anatomy using nonrigid matching software, BrainMatch software. The algorithm computes a dense deformation field by the composition of small displacements minimizing a local correlation criterion. Regularization of the deformation field is obtained by low-pass filtering. The functional volumes were then resliced to 1 mm 3 isotropic and smoothed with an isotropic Gaussian kernel (full width at half maximum = 1.5 mm). We then performed a voxel-based analysis with SPM5, following previously described procedures to fit a GLM (Friston et al. 1995; Vanduffel et al. 2001) . Each condition was represented as a box car model and convolved by a MION impulse response function (Vanduffel et al. 2001) . To account for head-motion related artifacts, the 6 motion-realignment parameters were included as covariates of no interest in the GLM. For the univariate localizer, a group analyses (fixed effects) was performed with 2 runs (380 volumes) per monkey. The level of significance was set at P < 0.05 corrected (family wise error) for multiple comparisons. For display purposes, SPM T-maps were presented on either an inflated 3D image of the left hemisphere, created using Caret software (version 5.61) or coronal sections on the anatomical template (M12, Ekstrom et al. 2008) .
Multivariate Analysis
For each of the monkey subjects, a GLM as implemented in SPM5 was used to estimate condition response amplitudes (beta estimates) at each voxel (see Univariate Analysis section above). For a given run, the response amplitudes estimated at each voxel resulted in a map (beta map) for each condition of interest (i.e., grasping different objects) and condition of no interest (i.e., fixation baseline). The beta estimates were extracted from each ROI and used as inputs to a linear support vector machine (SVM) classifier, as implemented in "the decoding toolbox" (TDT; Hebart et al. 2015 ) with a cost parameter (c = 1). We performed a multiclass decoding and quantified the extent to which voxels, within a given ROI, discriminate between grasping the 3 different objects (cube 12 mm, ball 23 mm, ball 30 mm), based upon the patterns of voxel response estimates within the ROI. In addition, we also performed 3 pairwise binary decodings contrasting each object pair. To avoid the possibility of overfitting and ensure the generalization of the classification results, a leave-one-run-out cross-validation was used. At each iteration during the classification procedure, the beta estimates from one run were left out as test data while the classifier was trained on the beta estimates of the remaining 11 runs. This was repeated for all 12 runs such that, for each iteration, the data from each run were used once in training the SVM classifier and once in testing it. The decoding performance for all iterations was averaged to determine the decoding performance for each ROI. A permutation analysis was performed to determine the statistical significance of the decoding results. For each ROI, a separate classification was performed where the labels or conditions (grasp small cube, grasp ball 23 mm, grasp ball 30 mm) that were originally associated with each of the beta estimates above were randomly shuffled to create 1000 unique labels. Classification on the permuted data followed the same cross-validation scheme as above. One thousand decoding performance values corresponding to the 1000 permutations were obtained. Based on the decoding performance values obtained for both the original classification and the permutations, P values were estimated for each ROI. The P values computed for all ROIs were corrected for multiple comparison (number of ROIs) using false discovery rate (FDR). ROIs that showed P values less than 0.05 after FDR correction were declared significant.
Time Courses
ROI time courses were made by extracting the raw MR signal from a ROI as a whole (by averaging the signal from all voxels at a certain time point within the ROI) for the average of the 4 independent localizer runs (2 in each subject), smoothed with a 5-point moving average followed by a linear detrending to remove signal drift across the entire run.
Results
Univariate Analysis
We compared reach-and-grasp versus reach-only motor acts (Fig. 3A) using a univariate analysis based upon a GLM (SPM5). This yielded significant (P < 0.05, corr.) MR signal changes in several parietal and frontal nodes of the dorso-lateral circuit previously shown to be involved in coding grasping movements in the monkey . Regions that responded significantly during reach-and-grasp (compared with reach-only) movements included parietal areas AIP and PFG (Fig. 3B,C) , a portion of premotor F5 located in the posterior bank of the inferior arcuate sulcus (corresponding to F5p and F5a, Nelissen et al. 2005 ) and the hand representation of primary motor F1 (Fig. 3B,C) . Motor tasks were performed in the dark and monkeys relied on haptic feedback , which may explain the significant somatosensory responses that were also observed in different portions of S1 and more posterior parietal cortex (area 5, PE, PEip), as well as along the lateral sulcus (including portions of S2). With the exception of premotor F5 and somatosensory S2, most fMRI activations were observed in the contralateral hemisphere (Fig. 3C) . In this univariate analysis, regions belonging to the classical dorso-medial reaching circuit did not yield stronger fMRI responses for reach-and-grasp than for reach-only movements, in line with our previous study . To investigate this further at the ROI level, we plotted the MR signal changes in the 4 key regions of the parietal and frontal nodes of the dorso-lateral grasping (AIP and F5) and dorso-medial reaching (V6A and F2) circuits (Fig. 4) . This ROI analysis revealed significantly stronger responses for reachand-grasp than for reach-only in ventral premotor area F5 ( Fig. 4A ; t = 7.84, P < 0.05, corr.) and anterior parietal area AIP ( Fig. 4B ; t = 8.45, P < 0.05, corr.), while MR signal increases during reach-and-grasp and reach-only tasks in posterior parietal area V6A (Fig. 4C) , and dorsal premotor area F2 (Fig. 4D) were not significantly different (area V6A: t = 0.25, P = 0.87; area F2: t = 1.73, P = 0.16).
Examination of the MR signal changes over time (Fig. 5) confirmed the results of this ROI analysis. We plotted the average raw MR signal (from the 4 localizer runs) over the total length of a run for both parietal grasping areas AIP and PFG (Fig. 5 , lower 2 time courses) and for the 2 posterior parietal areas V6A and MIP (Fig. 5, upper 2 time courses) . While lateral parietal grasping regions showed stronger modulations during reachand-grasp blocks (Fig. 5, red epochs) , compared with reach-only blocks (Fig. 5, blue epochs) , this differential response was not observed in the medial parietal reaching areas (Fig. 5, upper  time courses) .
Multivariate Analysis
The univariate analysis, contrasting reach-and-grasp versus reach-only motor tasks, did not allow us to draw any conclusions regarding the possible involvement of the dorso-medial reaching regions in coding aspects of grasping. We therefore performed an MVPA to investigate whether a more fine-scaled representation of grasping-related information content might be present in the spatial pattern of activations of these brain regions. If neurons coding either grasping-and reachingrelated information are both present in certain brain regions, as has been shown (Stark et al. 2007; Fattori et al. 2010; Breveglieri et al. 2016) , this might be missed by standard univariate analyses which look only at differences in mean signal amplitudes between conditions (Cavina-Pratesi et al. 2010; . More specifically, by undertaking a multiclass decoding analysis, we investigated whether different hand configurations during grasping of the 3 differently sized objects (Fig. 6A , black circle) could be decoded from the MR signals obtained from the parietal and frontal regions of the lateral grasping or medial reaching circuits. In the dorso-lateral grasping circuit, we obtained significant decoding in both animals for all 3 objects (cube, ball 23 mm, ball 30 mm) in parietal regions AIP and PFG and ventral premotor region F5, in addition to the primary motor region, F1 (Fig. 6C : monkey M1, E: monkey M2). Interestingly, in both animals, hand configurations could also be decoded significantly from parietal area V6A and dorsal premotor F2 (Fig. 6C : monkey M1, E: monkey M2). Area MIP allowed significant decoding for all objects only in monkey M1 (Fig. 6C) . As a control, we also performed a random shuffling of the labels (1000 permutations) which, as expected, yielded decoding at chance level in all regions in both subjects.
In addition to the multiclass (3-way) decoding, we also performed 3 pairwise binary decodings, testing each object pair separately (Fig. 6A , red: cube vs. ball 30 mm, orange: cube vs. ball 23 mm, yellow: ball 23 mm vs. ball 30 mm). Significant decoding for each of the 3 pairwise comparisons was observed in parietal area AIP, premotor areas F5 and F2, and primary motor area F1, in both animals ( Fig. 6D : monkey M1; F: monkey M2). ROIs from areas PFG, V6A, and MIP yielded significant decoding specifically for cube versus the biggest sphere (30 mm) in both animals ( Fig. 6D : monkey M1; F: monkey M2). In addition, cube versus smallest sphere (23 mm) could also be decoded above chance from area V6A in monkey 1 (Fig. 6D : monkey M1). As for the multiclass decoding, randomly shuffling the labels for the binary decoding tests yielded decoding at chance level for all regions and comparisons in both subjects.
To test within-subject reproducibility of the decoding results, one monkey (M1) was rescanned several weeks later, while grasping either a small sphere (16 mm diameter) or a much larger 40 mm sphere (Fig. 7A) . MVPA confirmed previous results, yielding significant decoding in all dorso-lateral grasping circuit ROIs (AIP, PFG, F5) in addition to F1, and in the dorso-medial reaching circuit regions V6A, MIP, and F2 (Fig. 7B) as well. Random shuffling of the labels resulted in chance-level decoding accuracies, as expected. 
Discussion
In this study, we provide supporting evidence for a more widespread representation of grasp-specific information within the parieto-frontal cortices of the monkey (Stark et al. 2007; Fattori et al. 2015) , than that which posits a strictly modular separation of reach versus grasp representations in the dorso-medial and dorso-lateral parieto-frontal circuits of primates, respectively (Jeannerod 1981; Jeannerod et al. 1995) . We show that grasp-specific information, related to grasping different sized objects and contained in spatial patterns of fMRI voxel responses, can be decoded not only from the classical parieto-frontal regions grasping circuit (areas AIP, PFG, and F5), but also from the parietal and frontal sectors of the dorso-medial reaching circuit (areas V6A, MIP, and F2).
Importantly, all grasping motor tasks were performed in the dark to exclude any possible modulation arising from either viewing graspable objects or visual feedback of the hand doing Figure 5 . Raw fMRI time courses from anterior parietal "grasp" and posterior parietal "reach" regions. Raw fMRI time courses are plotted for posterior parietal regions V6A and MIP (A), and for anterior parietal regions AIP and PFG (B). While the posterior parietal reaching regions (A) yielded similar signal increases for reach-only (blue epochs) and reach-and-grasp (red epochs) motor blocks compared with rest (fixation only baseline), the anterior parietal grasping regions AIP and PFG (B) displayed significantly stronger signal modulations during reach-and-grasp compared with reach-only movements. the grasping, either of which could modulate activity in parietal or frontal motor regions Gallese et al. 1996; Murata et al. 2000; Raos et al. 2004 Raos et al. , 2006 Fogassi et al. 2005 , Nelissen et al. 2005 Bosco et al. 2010; Fattori et al. 2010; Pani et al. 2014; Breveglieri et al. 2016 ). In addition, we kept both gaze and reach directions similar by having the monkeys fixate toward the same location throughout the experiment and by using a rotating disk that could present all objects in exactly the same location, thus excluding visual and gaze influences, both of which have been shown to influence activity in V6A (Galletti et al. 1995 Breveglieri et al. 2016 ) and F2 (Boussaoud et al. 1998; Cisek and Kalaska 2002) . Mountcastle and colleagues (1975) provided one of the first descriptions of specializations for the reach and grasp components of prehension movements at the single-cell level in the parietal cortices of the monkey. They described arm-projection neurons, responding when monkey subjects reached out toward a particular target, and hand manipulation neurons, which fired especially strongly when monkeys were manipulating target objects with their hands. Later, Sakata and coworkers focused on the anterior portion of the intraparietal sulcus of macaques and described an area, designated AIP, containing several classes of neurons that particularly suggested its involvement in coding the grasping aspect of prehension movements. While AIP cells showed selectivity with respect to object shape, size, and orientations, they seemed relatively insensitive to object position (Taira et al. 1990; Murata et al. 2000) . Cells in the medial posterior portions of the parietal cortex, on the other hand, were shown to be especially involved in coding of the reaching aspect of prehension movements (Galletti et al. 1997 Fattori et al. 2001 Fattori et al. , 2005 Andersen and Buneo 2002) . Similar functional distinctions were also recorded in premotor cortices, with ventral premotor area F5 containing neurons particularly tuned for different types of grasps (Rizzolatti et al. 1988 ) and dorsal premotor area F2 showing modulations during reach tasks (Kalaska et al. 1997; Raos et al. 2004) .
Evidence Suggesting Modular Representations for Reach and Grip Components of Prehension Movements
Further support for this dichotomic view came from tracer studies (Matelli et al. 1998; Luppino et al. 1999; Tanné-Gariépy et al. 2002; Borra et al. 2008; Gamberini et al. 2009; Gerbella et al. 2011 ) and reversible lesion studies using muscimol provided causal evidence for the involvement of macaque areas F5 (Fogassi et al. 2001) and AIP (Gallese et al. 1994) in grip coding and areas V6A and MIP in organizing reaching movements (Hwang et al. 2012 ).
Evidence Suggesting More Widespread Representations of Reach and Grip Components of Prehension Movements
While the numerous aforementioned electrophysiological studies have demonstrated object-and/or grip-specific motor responses in both the parietal (AIP, PFG) and premotor (F5) nodes of the classical dorso-lateral grasping circuit in monkeys (Taira et al. 1990; Sakata et al. 1995; Murata et al. 2000; Raos et al. 2006; Gardner et al. 2007; Spinks et al. 2008; Baumann et al. 2009; Fluet et al. 2010; Bonini et al. 2012) , accumulating neurophysiological evidence suggests that similar grasp specificities are also represented in the motor responses of neurons located in the dorso-medial areas V6A Breveglieri et al. 2016 ) and F2 (Raos et al. 2004; Stark et al. 2007 ). Our MVPA results are in line with these single-cell data, suggesting that grasp-specific information is also contained in posterior parietal and dorsal premotor regions. An important general issue concerning MVPA decoding is that these techniques are very sensitive and that the slightest difference between conditions might contribute to the overall decoding results. Since detailed kinematics were not recorded during the different motor tasks and since it has been shown that certain aspects of reach kinematics (e.g., deceleration phase and amplitude of the velocity peak) in monkeys differ for different sized objects located in the same place (Roy et al. 2002) , it is difficult to completely exclude a possible contribution of these reach-related signals to our overall decoding results.
Although in the current MVPA study we focused only on some of the key regions of the classical parieto-frontal grasping and reaching circuits, the coordination of reaching and grasping movements involves many other regions, like for instance parietal area PEc (Evangeliou et al. 2009; Ferraina et al. 2001) or additional premotor regions. Therefore, future ROI-based or whole-brain searchlight (Kriegeskorte et al. 2006; Oosterhof et al. 2011 ) MVPA might shed light on the role of additional brain regions in representing reach and/or grasp-specific information.
Since reach direction was held constant in the motor tasks of our current study, this does not allow the drawing of any conclusions with respect to possible representations of reach-specific parameters that might also lie within traditional lateral grasping areas like AIP and F5. Of interest in this respect is that in this and our previous monkey fMRI study , simple reach-only movements, not involving a particular grip, still yielded robust signal increases in AIP and F5, compared with resting baseline, albeit not as strong as when reaching was followed by a grasp (Figs 4 and 5) . A possible explanation for this reach-only signal increases in AIP and F5 might, however, also relate to haptic or proprioceptive signals relayed to these regions from somatosensory area S2, the latter of which has strong connections to both the parietal and premotor portions of the lateral grasping circuit (Borra et al. 2008; Gerbella et al. 2011) . Support for the suggestion that reach signals may also be coded in areas specialized for grasping comes from a recent electrophysiology study showing that reach-related signals can also be found in AIP and F5 in monkeys (Lehnmann and Scherberger 2013) , yet the exact functional role of reach signals in AIP and F5 needs further investigation.
Besides the specialized role of the dorso-lateral circuit in visuo-motor transformations for grasping, it has been suggested that the dorso-medial stream, in addition to its undeniable role in coding reaching parameters, also contributes to aspects of grasping, particularly when rapid and online control is needed (Grol et al. 2007; Fattori et al. 2009 ). Based upon studies of effective connectivity changes in the lateral and medial pathways of humans, it was suggested that the distinction between the 2 streams is not so much related to distal versus proximal movements, but relates to the amount of online control needed during a particular motor task, with precision grip leading to increases in effective connectivity in the lateral stream, presumably since these sorts of fine movements need finer online control for correct finger placement than does whole-hand grasping toward large objects. Motor actions of the latter type were shown to alter effective connectivity, especially in the dorso-medial stream (Grol et al. 2007 ).
Comparison of Decodings of Grasping Movements Based upon Noninvasive fMRI or Invasive Neuronal Signals in Monkeys
Because of its importance with respect to potential targets for neuroprosthetic devices (Hochberg et al. 2012; Aflalo et al. 2015) , several groups have looked into how grasp-specific brain signals can be decoded from different sectors in the monkey brain. These studies have shown, using either single-unit or local-field-potential signals, that distinct hand configurations can be decoded from primary motor cortex, ventral (F5) or dorsal (F2) premotor cortex, as well as parietal area AIP (VargasIrwin et al. 2010; Zhuang et al. 2010; Carpaneto et al. 2011; Townsend et al. 2011; Li et al. 2012; Aggarwal et al. 2013; Cao et al. 2013; Hao et al. 2014; Schaffelhofer et al. 2015) .
Although it is difficult to directly compare our fMRI decoding results, based upon population voxel activity of hemodynamic signals, directly to single-unit responses, our multiclass and binary decoding analyses showed the highest decoding accuracies with respect to the 3 different objects used in our main experiment, in motor F1, premotor F5 and F2, and parietal area AIP. Given our limited object set and lack of recording of detailed hand shape kinematics (Schaffelhofer et al. 2015) , we cannot make any substantial claims with respect to how much our decoding accuracies are driven by either grip type or object shape-specific motor responses. A previous study, using hierarchical cluster analysis, showed that F5 selectivity appears to be particularly related to grip type, and less so to the shape of the object (Raos et al. 2006) . Similarly, object grasping could be decoded from dorsal premotor cortex using 4 different objects that require different hand postures in order to grasp them (Hao et al. 2014) . In a recent study, monkeys were trained to grasp 50 different objects, which could be sorted into 20 different grip types (Schaffelhofer et al. 2015) . This study showed robust decoding accuracies could be obtained with respect to object type, and substantially greater accuracy could be obtained in predicting grip types from multiunit spiking activity in AIP, F5, and M1. Our monkey fMRI MVPA results show that while grasping objects with small size differences such as a 23-mm and a 30-mm sphere (affording similar grip types with only slightly different hand configurations) can be significantly decoded with high accuracies at the population voxel level from AIP, F5, F2, and F1 (Fig. 6) , such small differences in hand configuration lead to less easily distinguishable spatial patterns in other areas like PFG, V6A, and MIP (Fig. 6 ). Our control experiment confirmed this by showing that more distinct hand configurations (during grasping of 16 mm vs. 40 mm spheres) could be decoded significantly in all sectors of the dorso-lateral and dorso-medial circuits (Fig. 7) . These observations provide support for clear specializations in areas AIP, F5, F1, and even F2 in the control of grasping, but also indicate a contribution from additional posterior parietal regions V6A and MIP, where in general, the highest decoding accuracies were obtained for object pairs that required the greatest differences in hand configurations.
Comparison of Monkey fMRI with Human fMRI MVPA Decoding of Grasping Movements
A few recent studies have used MVPA decoding techniques to investigate different aspects of reach-and-grasping coding in the human brain. Gallivan and co-authors (2011) investigated whether different grasps (precision vs. power grip) could be distinguished from each other and from a simple touch movement toward the same object. The authors split their motor trials into a planning and an execution phase and found a widespread network of regions allowing predictions of the type of movement, even before its execution (planning phase). Although our task design does not allow us to separate planning and execution phases, our monkey MVPA decoding results agree to a large extent with the data provided by Gallivan et al. In humans, different grips (precision and power grip) could be decoded from the contralateral anterior portion of the intraparietal sulcus (aIPS), a part of the ventral premotor cortex (PMv) and the motor cortex. In line with those observations, we also obtained robust decoding in monkey area AIP, ventral premotor area F5, and primary motor cortex (M1 or F1). Interestingly, Gallivan et al. (2011) also found significant decoding of grip type in regions considered the human homologs of the monkey dorso-medial reach regions, including parietal regions L-superior parieto-occipital cortex (SPOC), L-anterior precuneus (aPCu), and L-midIPS (Filimon et al. 2009; Cavina-Pratesi et al. 2010) , in addition to the dorsal premotor region (PMd), as did we in our monkey fMRI study. Another recent human study that employed MVPA techniques to study the representation of reach and grasp movements (Di Bono et al. 2016) found similar distributed representations of grasp-type coding in dorso-lateral and dorso-medial streams. However, in this study the authors did not find dissociable voxel patterns during precision or whole-hand grasps in parietal region SPOC, leading the authors to conclude that the observed grasptype decoding in SPOC, obtained by Gallivan and co-authors, might be due to a spatial confound with respect to different reach positions for the 2 objects used in the Gallivan study. Our current study, in which objects were presented in exactly the same position, supports the finding by Gallivan et al. (2011) , showing hand configuration-specific information to be present in monkey V6A.
Similar to our monkey study, another human MVPA study also investigated reach and grasp execution performed in the dark without visual feedback, but varied both grip type (using identical objects) and reach direction in the same paradigm (Fabbri et al. 2014 ). The authors found overlapping representations of grip type and reach direction in several human brain areas, including aIPS, ventral and dorsal portions of premotor cortex and M1, again suggesting a less strictly modular dorsomedial versus dorso-lateral representation of reach and grasp components, respectively. In that study, however, the authors did not observe grip type (as Di Bono et al. 2015) or even direction-selective representations in the SPOC (see CavinaPratesi et al. 2010) , the possible human homolog of monkey V6A, which they attributed to the fact that movements were performed in the dark (Filimon et al. 2009 ). Our monkey fMRI MVPA data, however, suggest that grasp-specific responses are indeed present in monkey area V6A, in agreement with Gallivan and co-authors (2011) , and can be decoded from this region even when actions are performed in the dark without visual feedback, in agreement with several electrophysiological single-cell investigations showing selectivity for grip type in V6A when reach-and-grasp movements are performed without visual feedback Fattori et al. 2009 Fattori et al. , 2010 .
In conclusion, the overall picture that emerges from this fMRI study and multiple electrophysiology studies in monkeys (Fattori et al. 2015) suggests that the organization of distal and proximal movements is not as modular as previously described, an observation that fits well with human neuroimaging data (for review, see Filimon 2010) . Instead, both grasping and reaching signals seem to be represented in broad networks of parietofrontal regions, yet with each of these showing specializations toward the distal or proximal component of prehension movements depending on the particular task conditions (Davare et al. 2006; Grol et al. 2007; Cavina-Pratesi et al. 2010) .
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